ABSTRACT Magnetically manipulated untethered robot, such as an active wireless capsule endoscope, has shown great potential for controlled inspection inside the gastrointestinal tract. To enable the effective manipulation of the robot, real-time pose (position and orientation) information of the robot must be obtained as an important sensory feedback. Usually, a magnetic tracking method is used to provide the pose information. Due to the magnetic disturbance, a traditional magnetic tracking method cannot work simultaneously with the magnetic manipulation system. In this paper, a simultaneously tracking and navigation method is proposed to realize a closed-loop control of the magnetically manipulated untethered robot. The main approach is to conduct a multi-object tracking of the involved magnetic objects. With the proposed method, real-time pose information can be estimated during the manipulation, and both the tracking and manipulation are carried out by a magnetic manner. Therefore, the mobile navigation of the magnetically manipulated untethered robot can be achieved by using a pre-defined map. Experimental results verified the proposed method, and a mean position error of 1.2 mm for the passive magnet has been obtained.
I. INTRODUCTION
Magnetic manipulation method provides a promising technology for minimally invasive surgery (MIS) due to its wireless remote control ability. Many studies have been conducted to show the feasibility of this manipulation method, such as wireless capsule endoscope [1] , [2] , drug delivery [3] , cell manipulation [4] , [5] and so on. Usually a magnet is embedded in the operation tool and controlled with a external magnetic field.
One key factor for the magnetic manipulation in MIS is the real-time position and orientation information of the passive magnet, which is important for precisely control of the robot. Usually image-based method and magnetic sensing-based method are used to track the magnetic object. Mura et al. proposed a vision-based haptic feedback for capsule endoscopy navigation [6] . Vision module has been used to generate 3D local maps as well as local navigation trajectory for endoluminal navigation. Tognarelli et al. used ultrasound tracking to provide the real-time navigation for the magnetically manipulated endovascular devices [7] .
By implementing the magnetic endovascular device and the US tracking system, the US-based servo control can be achieved. Similar method with US tracking system has also been reported by Gumprecht et al. [8] . The experimental results suggested that the proposed method was feasible to be used to navigate a robotic capsule device inside human body.
Besides the image-based method, magnetic sensing-based methods are also been studied for magnetic manipulation system. Magnetic sensing method for the magnetic robot tracking is to measure the magnetic field of the robot by using sensors and then to estimate the robot pose from the obtained the measurement data of all the sensors. Magnetic sensor array has been widely used to track the robot pose [9] - [11] . When conducting magnetic manipulation to manipulate the robot, the magnetic sensing-based methods are not applicable, because the strong magnetic field from the magnetic manipulation system interferes with sensor array(s). This interference will result in decreased accuracy or failure to the robot tracking. To solve this challenge, some researchers proposed to mount magnetic sensors on the FIGURE 1. Magnetic manipulation Method. During the manipulation, active magnet is placed on top of the passive magnet with opposite magnetic moment direction. The magnetic force is used to translate the passive magnet and the torque is to rotate the passive magnet.
passive magnet [12] - [15] . The mounted magnetic sensor(s) can sense the magnetic filed from the external magnetic field source and then estimate the relative position and orientation between the active magnet and the passive magnet. A different strategy proposed by Son et al. [16] was to use a 2-D array of Hall sensors to track the magnetic target driven by external electromagnetic coils. For each estimation, they first measured the current fed on the magnetic coils and then subtracted the magnetic filed of the magnetic coils so that the signal from the target magnet could be obtained and calculated for 5D position.
In our previous work, a multiple magnets positioning and identification method has been introduced [17] . In this paper, a real-time pose tracking and navigation method for magnetically manipulated untethered robot has been proposed based on the multiple tracking and identification method. The manipulation method uses an active magnet to control the position and orientation of a passive magnet. By treating the active magnet as one of the tracking targets, both the active magnet and the passive magnet can be tracked in realtime with a magnetic sensor array. Therefore, navigation of the magnetically manipulated robot can be achieve by using a pre-defined environment map. Two phantom experiments have been implemented to verify the proposed method. The first phantom experiment is to simulate the manipulation when the target moving in an invisible environment such as in gastrointestinal (GI) tract. The second experiment is to drive the passive magnet to the desired positions with predetermined orientations. These experiments are to simulate the scenarios that a capsule is driven to the desired position for possible operation such as drug delivery or diagnosis inside human body. The advantages of the proposed method can be seen as follows: • The proposed method has no line-of-sight problem.
• The proposed method can directly measure the position and orientation of the active and passive magnets.
• No sensors are mounted on the passive magnet and no prior pose information of the active magnet is needed. The organization of this paper is as follows. In Section II, magnetic manipulation method will be introduced. In Section III, multiple objects tracking method will be presented in details. In Section IV, experimental results will be shown and conclusions are drawn in Section V.
II. MANIPULATION METHOD
Magnetic torque and force can be used to control the rotation and translation of a passive magnetic robot. The torque T that VOLUME 4, 2016 a magnetic field applies to a magnet can be described by
where B = (B x , B y , B z ) T is the magnetic flux density at point (x, y, z) generated by the active magnet and
T is the magnetic moment of the passive magnetic robot. The torque aligns the orientation of the passive magnet (m) with the magnetic flux density vector B.
For the translational manipulation, a spatial gradient of the magnetic field exerts a force on the magnetic robot. The magnetic force can be expressed as
Based on (2) and (1), the proposed magnetic manipulation method is shown in Fig. 1 . During the manipulation, the active magnet is placed on top of the passive magnet with opposite magnetic moment direction. The translation manipulation methods are shown in Fig. 2(a) . The translation manipulation strategy is the active magnet moving perpendicularly to the magnetic moment. Therefore, the passive magnet will follow the active magnet to move in the same direction due to the magnetic force. The orientation control methods are shown in Fig. 2(b) . The rotation manipulation method is rotating about the magnet moment. The passive magnet will rotate with the active magnet thanks to the magnetic torque. Note that the movement of active magnet can be controlled either manually or by mechanical method.
With the proposed manipulation method, 4D pose control of the passive magnetic robot can be achieved in response to the active magnet. 
III. MULTI-OBJECT TRACKING METHOD
As shown in Fig. 3 , two magnets with different K have been placed in the magnetic sensor array, where K is the absolute value of the magnetic dipole moment with the unit of A·m 2 . It is a constant that only relates to the material and size of the magnet. Magnet 2 with K 2 is the active magnet and magnet with K 1 is the passive magnet. According to the superposition principle, the estimated magnetic field at position of the i-th sensor can be represented as follows
where (a j , b j , c j ) T is the position of the j-th magnet and (m j , n j , p j ) T is the unit direction vector of the j-th magnet. (x i , y i , z i ) T is the position of the i-th sensor. After the magnetic objects have been selected, each K j can be calculated from their sizes and material parameters. Therefore, each magnet can be identified with its own K . By minimizing the errors between the sampled signal V i and the estimated value B i , the positions and magnetic moment directions (a j , b j , c j , m j , n j , p j ) T can be estimated. The error function can be seen as follows,
By minimizing (4), 5D pose information (3D position and 2D orientation) of the both the passive and the active magnets can be tracked at the same time.
IV. EXPERIMENTS AND RESULTS

A. EXPERIMENTAL PLATFORM
To verify the proposed method, a magnetic sensor array has been built. The platform includes two parts, the magnetic sensor array and the software interface. The sensor array is consisted of eight magnetic sensors (HMC 5883L) placed on a plane of 0.2m × 0.2m. The results are then shown on the screen numerically and graphically. As shown in Fig. 4 , the trace of the passive magnet is in red and the trace of the active magnet is in green. The update rate of the tracking system is 7Hz. During the manipulation, the active magnet is controlled by human operator and the passive magnet is manipulated in response to the active magnet. Parameters of these two magnets can be seen in Table. 1.
The performances of the tracking system have been evaluated in terms of position and orientation errors. Compared to the measured value, the averaged position and orientation errors are 1.7mm and 2.1 • , respectively. The results can be seen in Fig. 6 . The position error is defined as the distance between the estimated position and the measured position; the orientation error is defined as the angle between the estimated direction vector and the measured vector as follows,
where H e = (m e , n e , p e ) is the estimated orientation and H m = (m m , n m , p m ) is the measured value. In the following parts, two phantom experiments will be given to verify the performance of the proposed method.
B. PHANTOM EXPERIMENT OF NAVIGATION
The first phantom experiment is to simulate the manipulation when the robot moves in an invisible environment such as inside GI tract. As shown in Fig. 5 , the goal of this task is VOLUME 4, 2016 to move the passive magnet through a path that inside the phantom with the control of the active magnet. The Lego phantom is built on a plane with a height of 84mm from the sensor array plane. The active magnet is moving on a plane with a height of 142mm above the phantom plane. During the phantom experiment, the human operator cannot see the passive magnet. The human operator can control the active magnet to manipulate the passive one with the help of the realtime position and orientation information of both magnets from screen. The construction of the phantom and the information shown on the screen for the human operator can be seen from Fig. 7 . The lower level of Lego is first constructed with a U-turn path from the entrance to the exit. The second level is then constructed to cover the path so that the operator cannot obtain direct visual feedback from the phantom. The passive magnet is driven to the entrance of the path by the active magnet that is controlled by human operator. Operator then moves the active magnet with the assistant of the realtime pose information of these two magnets. A pre-defined map is built in advance and then registered to the tracking coordinate system. Therefore, the human operator can see the pose of the passive magnet inside the phantom during the experiment. The directions of these magnets are drawn with different color, which uses red as N and green as S. In order to distinguish these two magnet, rectangles of different sizes are used. The smaller solid one is the passive magnet, while the bigger hollow one is the active magnet. Although they are on different planes, they can be visualized together on a 2D view to provide an intuitive navigation interface to the operator. Fig. 8 shows several key frames of the navigation experiment. It shows the real-time control of the human operator, the real-time pose of the magnets in the pre-defined map and the historical 3D trace, respectively. With the feedback of the real-time pose information and the pre-defined map, the operator has successfully manipulated the passive magnet to move from the entrance to the exit.
C. PHANTOM EXPERIMENT OF TARGET POSITIONING
The second experiment is to drive the passive magnet to the desired position with pre-determined orientation. This experiment is to simulate the scenario that a capsule is driven to the desired position and orientation for drug delivery or diagnosis inside human body. The procedure is shown in Fig. 9 . Three positions have been selected as the target positions. During the manipulation, the operator watches the positioning result shown in the 2D view and uses it as a feedback to drive the passive magnet to the target position with desired orientation. The desired positions and orientations are shown in Table. 2.
The experiment procedure is shown in Fig. 10 . The first row is the real-time operation from the operator. The screen which he steering during the task is shown in the second row. It shows the real-time pose of these two magnets in the map. The historical 3D trace is shown in the third row and the realtime pose in 3D space is shown in the fourth row. VOLUME 4, 2016 In order to verify the navigation performance, errors from the target positioning have been evaluated. As shown in Fig. 11 , a grid map with size of 1mm has been placed onto the target positions. After the human operator finishing matching the robot pose with the pre-determined pose on the screen, we measure the positioning error on the grid paper. The results can be seen in Fig. 12 . The circles are the desired positions and the stars are the measured navigation results. For each pre-determined positions, we have performed the target positioning for five times. The average positioning error of all the pre-determined positions is 1.2mm.
V. CONCLUSION
In this paper, a real-time tracking and navigation method has been proposed for magnetically manipulated untethered robot. With the multi-object tracking sensor array, both the active magnet and the passive magnet can be tracked in realtime. With the proposed platform, real-time tracking and navigation for magnetically manipulated untethered robot has been achieved. Two phantom experiments have been carried out to simulate the robotic operation in real applications. Experimental results have shown a mean position error of 1.2mm, which verifies the proposed method. In the future, we will further improve the proposed method and apply it to a animal or human trial.
